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The physical behavior of components manufactured from po1ycrysta11ine 
materials is in many cases directly dependent on the porosity fraction 
(volume fraction of pores). As examples concerning key properties of 
technologically-important materials, porosity fraction has been shown to 
affect (1) the strength, toughness and modulus of structural and refrac-
tory materials such as Steel [1], Tungsten [2], SiC [3], Si3N4 [3], and 
A1203 [3], (2) the strength of nuclear fuel materials such as U02 [4-5], (3) the thermal shock behavior and strength of porcelain-based ceramics 
[6-7J, (4) the dielectric and elastic properties of piezoelectric materi-
als such as PZT [8], and (5) the critical current density, diamagnetic 
response, and modulus of superconducting ceramics such as YBa2Cu307_x 
[9-11J. In such cases where physical properties are directly dependent on 
porosity fraction, the measurement of porOSity fraction becomes important 
in the quality assurance process for the material. 
In this study, we consider the ultrasonic velocity measurement method 
for estimating porosity fraction. Ultrasonic velocity Is a relatively 
simple measurement that requires the material specimen to have one pair 
of sides flat and parallel. The advantages of this method are that it is 
nondestructive and measurements can be made on different regions of a 
single specimen. Smith [2J and Maclean [12J were two of the first 
researchers to establish empirical correlations between porosity fraction 
and ultrasonic velocity for polycrystalline materials. The correlations 
appeared relatively linear over the porosity fraction ranges Investigated. 
Smith's work concerned metallic samples while Maclean's work concerned 
ceramic samples. Other researchers began to Investigate similar correla-
tions with different materials. Here, we review and statistically analyze 
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these empirical correlations between ultrasonic velocity and porosity 
fraction for polycrystalline materials. 
SEMI-EMPIRICAL MODEL 
The velocity of a longitudinal ultrasonic wave traveling in a solid 
is related to the elastic properties and density of the solid by [13]: 
v = 
[E(l - v)] 1/2 
[p(l + v)(l - 2v)] ( 1 ) 
where V, E, p, and v are the velocity, elastic modulus, bulk density, 
and Poisson's ratio, respectively, of the material. 
An "apparent" modulus [3] for porous materials can be considered 
which depends on the porosity fraction. Several early empirical investi-
gations provided evidence that the modulus increases exponentially with 
decreasing porosity fraction according to [14-15]: 
E = Eo exp (-bP') (2) 
where Eo is the elastic modulus of a fully-dense (nonporous) material, b 
is an empirically-determined constant related to pore shape, pore distri-
bution, and the ratio of open-to-c1osed pores, and P' is the porosity 
fraction. The use of Eq. (2) to evaluate Eo by extrapolation from fit-
ted experimental data has sometimes resulted in large discrepancies 
between the extrapolated and observed values [16]. An alternative to 
Eq. (2) has been suggested to describe the relationship between elastic 
modulus and porosity fraction [17]: 
where n, like b, is an emprically-determined constant that depends on 
pore distribution and pore geometry factors. 1 
Porosity fraction. p', can be expressed as: 
(3) 
(4) 
where Po is the theoretical (nonporous material) density. Rearranging 
Eq. (4) allows us to express bulk density as a function of porosity 
fraction: 
p = Po(l - P') (5) 
Substituting Eqs. (3) and (5) into Eq. (1) allows velocity to be expressed 
as: 
(6) 
lConcerning the relationship between Poisson's ratio and porosity 
fraction, most of the limited stUdies of Poisson's ratio show it decreas-
ing with increasing porosity fraction less rapidly than for elastic 
modulus [3]. In this development, it is assumed that Poisson's ratio is 
independent of porosity fraction. 
1750 
where Vo is a constant for a given material equal to: 
[ E(l-v) ]1/2 V _ 0 
o - po(l + v)(l - 2v) 
fully-dense (nonporous) material, i.e., the 
The general case for all n can be shown by 
(7) 
Vo is the velocity in a 
"theoretical" velocity. 
expanding the right-hand 
so that: 
side of Eq. (6) using the binomial theorem [18] 
V = Vorl + [n(-P')] + n(n - ~~(_pI)2 + 
n(n - 1) ... (n _ k + l)(_pl)k 
k! + + . • .] (8) 
From the ratio test, Eq. (8) is absolutely convergent for IP' I < 1. 
Setting n = 1 in Eqs. (3) and (8) results in good agreement for a 
number of materials over a wide porosity fraction range (0.1 < p' 
< 0.7> [17], In this case, the right-hand side of Eq. (8) is reduced 
such that: 
V = Vo(l - p') ( 9) 
Equation (9) shows a linear relationship between velocity and porosity 
fraction and is the basis for selecting linear regression to analyze the 
empirical correlations reported in this study. 
It is sometimes convenient to discuss the relationship between veloc-
ity and percent porosity, %P, where: 
':t.P = (P I ) 1 00 (10) 
Solving Eq. (10) for p' and substituting into Eq. (9) gives: 
V = m(%P) + Vo ( 11> 
where 
(12) 
Equation (11) shows a linear relationship between V and %P where m 
and Vo are the slope and intercept, respectively. 
We can also define a "percent theoretical velocity," %TV, where: 
%TV = (~J100 (13) 
Solving Eq. (13) for V and substituting into Eq. (11) gives: 
%TV = m'(%p) + 100 (14) 
where 
I 
m ( 15) 
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Equation (14) shows a linear relationship between tTV and %P 
where m' and 100 are the slope and intercept, respectively. Present-
ing the velocity versus porosity fraction relationship in terms of 
Eq. (14) is essentially a normalization procedure in that the theoretical 
velocity of a material and the type of wave (longitudinal or shear) used 
in the velocity measurement are "removed" as variables. From the deriva-
tive of Eq. (14), the following quantity can be defined: 
where 4 is "change in." 
1 4tP 
;' = ~%TV ( 1 6) 
STATISTICAL ANALYSIS METHOD 
Linear regression analysis and its associated statistics utilized in 
this study are briefly described here. Linear regression analysis [19] 
results in predicted slope (m and m' in Eqs. (11) and (14), 
respectively) and intercept (VQ in Eq. (11» values that describe the 
relationship between V (and %TV) and %P. The Pearson product-moment 
correlation coefficient and level of significance statistics describe the 
quality of the regression. The correlation coefficient measures the 
strength of the linear relationship for the sample data. The level of 
significance, determined by the number of data pOints and the value of the 
correlation coefficient, determines an acceptance or confidence region for 
the regression. A level of Significance of 0.025 corresponds to a 95 per-
cent confidence region. The smaller (better) the level of significance, 
the lower the probability that the value "of the correlation coefficient 
can be attributed to chance. 
Confidence intervals for the predicted slope, intercept, and mean 
velocity values (the mean of further velocity measurements obtained at 
some %P value) are also presented. The 95 percent symmetric confidence 
interval was chosen for the analysis. In practical terms, the 95 percent 
confidence interval means that in 95 percent of the cases, the true value 
of the parameter will fall within the calculated interval. 
REVIE~ AND ANALYSIS 
V versus %P data were obtained for Al203 [20-23], MgO [24], 
porcelain-based ceramics [7,25], PZT [8], SiC [22,26-29], Si3N4 
[12.30.31]. Steel [32], Tungsten [2], U02 [33], (UO.30PUO.70)C [34], and 
Y8a2Cu307_x [11.35-42] in Ref. 43. In this paper, we present as examples 












Fig. 1. - Longitudinal velocity versus percent 
porosity for SiC (ref. 29). 
TABLE I.-ULTRASONIC VELOCITY VERSUS PERCENT POROSITY: REVIEW AND STATISTICAL ANALYSIS 
Material Velocity Density Predicted Predicted Line Equation Correlation 95% Confidence 
Reference Measurement Measurement Line Equation (%TV={3',.%P+{3'J Coefficient Intervals for Predicted 
Technique Technique (V "" 6, - %P + So) Level of Intercept (SO> and 
Significance Slope (S,) 
a-SiC Pulse-echo Dry-wi. LV = -0.011 - %P + 1.22 %TV = -0.883 - %P + 100 -0957 1225; {3o 5; 122 
29 overlap, dimenSional Qj)OOt" 
Longitudinal walles, -0011 5; (3, :$ -0 010 
20 MHz 
, 
~ Thru-transmission LV", -0.016- %P ... 114 %TV '" -141. %P ... 100 -0997 1.12 S {jo:$ 116 
12 transit time, ---o:ooii1 
Longitudinal waves, -0017 :OS {j, ::; -0015 
5 MHz 
Sleel Thru·lransmission ASTM LV"" -OOO7-%P ... 0563 %TV = -119- %P + 100 -0972 0551:S;{jo:os0574 
A-directIOn pulse·echooverlap, 8-328-60 D:'iiOO1 
(See ret.) Dry coupMng, longi- -0.007:-;; {3, :oS -0006 
32 tudinalwaves, 
1.5-2.25 MHz 
The following are abbreviations that appear in the table and their definitions: 
v = Velocity {cm/~secl 
LV == Longitudinal wave velocity (cmlp.sec) 
% TV == Percent theoretical velocity 
%P = Percent porosity 
{Jo "" Predicted value of intercept (Theoretical velocity) 
{3' 0 :;a Predicted value of intercept (Percent theoretical velocity) 
{Jl = Predicted value of slope (Velocity/percent porosity) 
{3' 1 "" ?redicted value of slope (Percent theoretical velocity/percent porosity) 
.6. :::: Change in 
95% Confidence ~% Porosity 
IntervalsforPre(llcted ~% Velocity 
Intercept (j3'o) and 
Slope ()1',) 
9995; We 5; 100 -113 
-0.939:$ {3', :$ -0.832 
986:$ {j'o:OS 101 -071 
-1.48 :OS W, 5 -1.34 
980:os Wo s 102 -0.84 
-1325; {3', :OS -1.06 
Table 1 presents the linear regression statistics corresponding to 
the scatter plots. The 95 percent confidence interval for the predicted 
slope and intercept values are presented in the table while the 95 percent 
confidence interval for mean predicted velocity values is shown by dashed 
lines on the scatter plots. The quantity (A%P/A%TV) is provided for the 
plot lines in the corresponding table entries. (Note that this quantity 
also has a confidence interval associated with it, the width of which is 
similar to that for m'). 
DISCUSSION 
General Observations 
Concerning the scatter plots given in Ref. 43, correlation coeffi-
cients with magnitudes greater than 0.95 were obtained in 28 out of 38 
cases. Levels of significance with magnitudes less than 0.025 were 
obtained in 31 out of 38 cases. For longitudinal wave velocity, predicted 
intercepts (Vo) ranged from 0.443 cm/~sec for unpoled PZT4 and unpoled 
PZT5 of Ref. 8 to 1 .23 cm/~sec for SiC of Ref. 27. For shear wave veloc-
ity, predicted intercepts (Vo) ranged from 0.313 cm/~sec for YBa2Cu307_x 
to 0.786 cm/~sec for SiC of Ref. 22. The quantity (A%P/A%TV) ranged from 
-0.52 for porcelain of Ref. 7 and poled PZT4 of Ref. 8 to -8.26 for porce-
lain T2 of Ref. 25. It is understandable that these quantities vary from 
one material to the next since each material has different elastic proper-
ties and density (see Eq. (1». Predicted intercepts (Vo) and slopes for 
a specific material from different investigations agree fairly well. 
Table 2 compares Vo predicted from regression analysis with that 
calculated from Eq. (7) for SiC, Si3N4, and Steel. Values of elastic 
modulus, Poisson's ratio, and density for fully-dense (single crystal 
and/or polycrystalline) materials used in the calculation are presented. 
For all cases presented in Ref. 43, the values of Va predicted from 
regression and those obtained from calculation agree within approximately 
17 percent in 16 out of 16 cases, and within approximately 5 percent in 
8 out of 16 cases. 
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TABLE II.-COMPARISON OF V, PREOICTEO FROM REGRESSION ANALYSIS WITH THAT CALCULATEO FROM EQUATION 7 
longitudinal Wave Velocity Values substituted into eq. (7) 
to obtain VO{; 
Material Single Average Vo Calculated %VariatJon Eo (x 10-6) v/(ref.) p, 
crystal (5) from regression V, between Vor; and VOR psi (g/em') 
or poly- (VoRl from eq. (7) ::: boor (Vue - VQA J/vocJ! I(ref.) 
crystaline (P) [cml,usecl IV,,) 
IcmJ,usec] 
SiC 5 116 5.5 58.2!(Ref. 3) O.171(Rel.45) 3.22 
P 1.22 1.22 0.0 64.61(Rel. 3) 0.17I(Rel. 45) 322 
Si3NA P 1.12 0.9n 15.4 40.01(Rel. 3) O.22!(Ref. 3) 3.30 
Steel P 0.580 0.614 5.5 29 O/(Ref 44) 0.331(Rel. 44) 7.85 
Other Microstructural Variables Affecting Velocity 
Although porosity fraction seems to be a significant and perhaps the 
major microstructural feature affecting ultrasonic velocity, several 
references point to other microstructural variables having an impact on 
velocity. These include slight compositional variations [25], preferred 
domain orientation [8], particle contact anisotropy [32], pore size dis-
tribution and geometry [2], and type of agglomeration [21]. These vari-
ables may result in differences in predicted intercept (Vo) and slope for 
what is believed to be the same material from different investigations. 
Thus, the authors feel that the most accurate and precise application of 
the ultrasonic velocity method for estimating porosity fraction first 
requires the development of accurate velocity versus porosity fraction 
relationships/calibrations for the specific material of interest. 
Ramlfi cat ions 
The estimation of batch-to-batch, sample-to-sample and within-sample 
%P variations for a material can be accomplished if the quantity 
(~%P/~%TV) is known with reasonable confidence for that material. The 
nondestructive mapping of spatial porosity fraction variations within a 
sample by means of an ultrasonic scanning technique have been reported 
recently [46-47]. This approach may also be useful in the analysis of the 
uniformity of composite materials [28]. 
CONCLUSION 
A review and statistical analysis of the ultrasonic velocity method 
for estimating the porosity fraction in polycrystalline materials is pre-
sented. First, a semi-empirical model was developed showing the origin of 
the linear relationship between ultrasonic velocity and porosity fraction. 
As examples, velocity versus percent porosity data were shown for 
SiC, Si3N4, and Steel. Linear regression analysis produced slope, inter-
cept, correlation coeffiCient, level of significance, and confidence 
interval statistics for the data. Velocity values predicted from regres-
sion analysiS for fully-dense materials are in good agreement with those 
calculated from elastic properties. The estimation of batch-to-batch, 
sample-to-sample, and within-sample variations in porosity fraction for a 
material can be accomplished from ultrasonic velocity measurements if rea-
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